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by
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Abstract

In this doctoral dissertation, we consider the Cauchy problem for the 3D in-
compressible Navier-Stokes equations. Here, we are interested in a smooth periodic
solution of the problem which happens to be a special case of a paper by Otto Kreiss
and Jens Lorenz. More precisely, we will look into a special case of their paper by
two approaches. In the first approach, we will try to follow the similar techniques as
in the original paper for smooth periodic solution. Because of the involvement of the
Fourier expansion in the process, we encounter with some intriguing factors in the pe-
riodic case which are absolutely not a part in the original paper. While in the second
approach, we decompose our solution space using the Helmholtz-Weyl decomposition
and introduce a new tool “the Leray projector” to eliminate the pressure term from
the Navier-Stokes equations and go from there. This approach is completely different
than the technique of dealing with the pressure term in the paper by Otto Kreiss and

Jens Lorenz.
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1 Introduction

1.1 Function Spaces and Some Notations

In this section, we introduce some notations and some standard function spaces that
we will require in our work. We are interested in a three dimensional flow, however
we will introduce notations and spaces for n > 3. We focus on two domains without

boundaries and one with boundary:
e the whole space R".
e the n dimensional torus T".
e the n dimensional half space R’} .

Functions defined on the torus T" = (R/27Z)™ can be realized as periodic func-

tions defined on all of R", i.e
u(z +27k) =u(z) forall keZ" xR

It is also convenient at times to identify u with its restriction to the fundamental
domain [0, 27)". If u: R — R" is a vector field then we can define the divergence of

u as

i=1

For higher order derivatives, we will employ multi-index notation. We write

n
a=(a,ag, - ,0p), @ >0 and |of= E Q.
i=1
_ — 01 .02 L
For a vector z = (z1,x9, - ,2,) we define ® = z{*x5? - - - & and similarly, we set

D* = D ... Do

For any simply connected domain with smooth boundary 2 C R", we use the following

notation for function spaces.

e Cx.(R™) is the space of smooth 27 periodic functions.

o (C'(Q) is the space of all smooth function with compact support in 2.



S(R™) is the space of Schwartz functions on R”, that is the space of all smooth

function such that

Pra = sup [z|*[D%u(z)]
zeR"
is finite for every choice of Kk =0,1,2--- and multi-index a > 0.

S'(R™) is the space of all tempered distributions on R"™.

By LP(2) for 1 < p < oo, we denote the standard Lebesgue spaces of measurable

p-integrable functions with the norm

lully = ([ o) "

L>(Q) is space of bounded functions on €2 which is equipped with the standard

norm
[tuloc = sup fu(z)].
e
For any 7 =0,1,2, -, we set, for any multiindex «

Diu(e) | = mas | D"u(r)|«
al=j

i.e |D7u(r)|s measures all space derivatives of order j in maximum norm.

Lp

loc

(Q) for 1 < p < oo consists of those functions that are contained in LP(K)

for every compact subset K of 2.

For integer k > 0 and 1 < p < oo the space WHP(Q) = {u € LP(Q) : D*u €
LP(Q)} where DF is weak derivative of order k. The standard norm in W*? ()
is given by

[ullfrs = Y 11D%ullf,

lof <k
For any vector valued space X, we define X = {u € X : V-u=0}.

For s > 0 the Sobolev space H*(T™) consists of all function such that

[Jul ffre = (2m)" Y (1 + [k[*)[a(k)* < cc.

kezn



e BMO consists function of bounded mean oscillation. See [16] page: 29.

We denote [L?(Q)]" =1L2(Q), [H*(Q)|" = H}(Q).

L2(T") = {u € L2(T") : 4(0) = 0}.

" = Zn\{(07 T ’O)}

For a function u(z,t) where x € R™ and ¢t € (0,00), we denote u(t) = u(.,t)

also |u(t)|eo = maxgern |u(x,t)| for fixed t.

1.2 Motivation: A Brief History of the Navier-Stokes Equa-

tions

In this paper, we consider the three-dimensional incompressible Navier-Stokes equa-
tions. The three -dimensional incompressible Navier-Stokes equations form the funda-
mental mathematical model of fluid dynamics. Derived from basic physical principles
under the assumption of a linear relationship between the stress and the rate-of-strain
in the fluid, their applicability to real-life problems is undisputed. However, a rigor-
ous mathematical theory for these equations is still far from complete: in particular
there is no guarantee of the global existence of unique solution. The aim of this
introductory section is to give an overview of the existing results in the literature for

the existence and uniqueness of the solution of the Navier-Stokes equations.

The Navier-Stokes equations are a set of partial differential equations that de-
scribe fluid motion. Since we are interested in the 3D incompressible Navier-Stokes
equations, therefore we begin with * € R3 as the space variable and t € [0,0)
as the time variable. We consider the fluid velocity field of a fluid with notation
u(z,t) = (ug(x,t),us(x,t), us(x,t)) and p(x,t) for the scalar pressure field. The con-

servation of linear momentum leads to
u + (u-V)u+ Vp=vAu (1.1)
while the conservation of mass yields the divergence-free ( incompressible) condition
V-u=0 (1.2)

where the viscosity constant is v, and

0
U'VZU1D1+U2D2+U3D3, Dlz 1§Z§3




Furthermore, we assume that
u(z,0) = f(zr) with V-f=0. (1.3)

Throughout this paper when referring to the Navier-Stokes equations, we will
normalize the constant v so that v = 1. In this work, we will consider the problem

on two types of domain:

i. the whole space R? with a certain class of solution

ii. the torus T? = (R\27Z)?, sometimes described as the case of “periodic boundary
conditions” ; for mathematical convenience, we will also impose the zero-average

condition [ u = 0.

These cases have the advantage that they do not involve any boundaries, which greatly
simplifies the analysis in many instances: when we carry out an analysis restricted to

these two cases, we will refer to the equation “ in the absence of boundaries”.

Equations that describe physical phenomena beg for solution, and the Navier-
Stokes equations are no exception. There is a vast wealth of literature devoted to
the solutions of Navier-Stokes equations (eg [4],[5],[6],[7],[8],[10],[11]). For example,
in 1934 Leray [15] constructed a global in time weak solution, and a local strong
solution in R3. So far, it is not achieved that whether such weak solution is unique
or the unique strong solution exists globally in time. This paper, among others,
reinforced the idea of specialized solutions. Among the different classes of solutions
studied for the Navier-Stokes equations one can find classical, strong, mild, weak,
very weak, uniform weak, and local Leray solutions. These different classes have
themselves produced a variety of methods designed to explore the various types of
solutions. Fourier analysis, statistical mechanics, distribution theory, and harmonic
analysis have all played a part in attempting to analyze the equations for over two
centuries. A large portion of this work focuses on the well-known fact that at its core,
the Navier-Stokes equation (1.1) is basically a non-linear heat equation. Thus, it can
be written using Duhamel’s principle in an integral form with heavy dependence on
the initial data u(x,0) = f(z). Exploiting the integral form of the Navier-Stokes
equations has been used to explore other aspects of the solutions, such as existence,
uniqueness, and the dependence on initial data. For example, it is known that for
initial data u(z,0) = f(z) € L>(R") the equations (1.1)- (1.3) admit a local in time



( regular) solution u with the pressure p is determined by

p=Y_ RiRj(uu;) (1.4)
2y

where R; is the Riesz transform ( [3], [8] ). For the L" case, where 3 < r < oo, the
equations (1.1)-(1.3) admit a unique local in time solution u for some pressure p. If
u decays at the space infinity, then (1.4) follows a posteriori for L™ ([11]). Kato [10]
observed that for initial data f € L>(R"), the constructed solution is bounded and
may not decay at the space infinity. So even if u solves (1.1)- (1.3) the equation (1.4)
may not follow. Kato further noted that in the most simple case, for z € R?® and
t € (0, 00), one could construct a solution of the form u(x,t) = g(t), p(z,t) = —¢'(t)-x.
This function pair (u,p) solves (1.1) and (1.2) no matter what the function g(t) is.
So if u has constant initial data, the solution is not unique without assuming (1.4).
Not only does this demonstrate a non-uniqueness to the solution, it also implies a
non-decaying pressure spatially. Kato further observed that one would need to impose

some control on p to obtain uniqueness other than controlling w.
In [6], it was noted that uniqueness holds if u is bounded, and p is of the form
p(.ﬁl?, t) = Ty + Z RiRj'/Tij (15)
1]
for bounded functions my and m;;. In particular, it was noted that for t € (0,7) for a

maximal time 7', then

To, M5 € LN Llloc

The paper by Kato [10] improved upon the result by simply assuming that p €
N BMO. A theorem of Uchiyama [21] indicated that if a function g was BMO,

then it was of the form

Ll

loc

g=1+ Z RiRjVij

Y]

with some v;;, vy € L®(R"™).

As the pressure term is a key aspect in the analysis of the Navier-Stokes equations,
in chapter three, we will discuss the fact that the formal pressure term (and its
modification) is the solution of the Poisson pressure equation; it is the convolution of

the term , ;(Dju;)(Dju;) with a Calderon-Zygmund kernel. It is of some interest to



note the fact that if the velocity field has derivatives that are sufficiently smooth and
small at infinity, it then turns out that the pressure is additionally a Riesz potential (
see [18]). Interestingly, it is not obvious that such a pressure given by convolution is
periodic in space even wu is smooth periodic in space. We will focus on some detail in
proving that the pressure given as a convolution is indeed smooth periodic, provided

u is smooth periodic in space.

Furthermore, the papers by Giga specifically [7], [8] , took a different approach,
and chose initial data in the space of bounded uniformly continuous functions (BUC)
in R" or in L>°(R™). In the paper, it was shown that if the initial value function
u(z,0) = f(z) was BUC, then so was the unique solution u. In this case, however,
the focus was on u as a solution to be integral ( heat equation ) version of the Navier-
Stokes equations. In Giga’s work, the set C([0, 7], BUC') was defined to be the set of
all bounded, uniformly continuous on [0, 7], and the set C* was representative of the
set of Holder continuous functions of order . It was additionally shown in the same

paper that
we C([6,T); BUC) and tY?°Vu e C([0,T]; BUC) (1.6)
and
Vu e C¥[6,T]; BUC)

for some a with 0 < o < 1/2 and § such that 0 < 6 < 7. This showed that t'/?2Vu
was bounded in some sense. An additional result was that if u(z,0) = f(z) was a

BUC function with u satisfying the integral form of the solution to the Navier-Stokes
equations, and if Vu € C([4, T]; BUC), then by writing
p=Y RiRj(usu;)
2%
we have (u,p) solving (1.1)-(1.2). However, again in [7], it was noted that if one

replaced the space BUC with L*, the results were different. Expressions (1.6) are
replaced by

u € Cy([0,T]; L) and 2V e Cw ([0, T7; L)

where C,, is the space of all L™ valued weakly continuous functions defined on [0, 7.

These results, among others, are similar to the results in the work by Kreiss-

Lorenz ([12]). The Kreiss-Lorenz paper is the main focus and source for this doctoral



thesis. The main difference between the KL paper and the works of Kato and Giga is
the restriction on the solutions. The KL’s paper concentrates on classical solutions in
C>(R"™) N L>(R3), while Kato and Giga’s ([8],[10]) developed solutions that existed
in the distributional sense.( eg.weakly continuous), with some sort of control on the
pressure term p. Additionally, Kato and Giga’s papers assumed their space of con-
tention to be R”, for n > 2. Their results obviously can be restricted to R3, where
the Kreiss-Lorenz results are only particular to R3®. It must be noted that the KL
paper was able to construct similar results, but the only structure mentioned on the
pressure term was that it was simply a BMO valued function- no breakdown of the

pressure term into Riesz transforms is required or even alluded to.

2 The Kreiss-Lorenz Paper (KL)

In this section, we will discuss important aspects of the KL paper. Since our work
is closely related to the work of the Kreiss and Lorenz, it is worth discussing the
significant details of the paper to make it easier for the readers to understand this
doctoral dissertation. The KL paper considers the Cauchy problem for the three-

dimensional Navier-Stokes equations
u+u-Vu+Vp==~Au, V-u=0 (2.1)
with initial condition
u(z,0) = f(z), xcR? (2.2)

where f € L>°(R?) and also assumes V - f = 0 in the distributional sense for the sake

of compatibility. The main goal of the KL paper is to prove the following theorem:

Theorem 2.1. Consider the Cauchy problem for the Navier-Stokes equations (2.1)
and (2.2) where f € L V- f = 0. There is a constant ¢ and for every j =0,1,--- |

there is a constant K so that
tj/Q\Dju(.,tﬂoo < Kj|floo for 0<t< co/]f|go.

The constants ¢y and K; are independent of ¢ and f.

Let us observe the key ideas of the KL paper that are used to prove theorem 2.1.
We will also outline the significant differences between the KL work and work in this

doctoral dissertation.



It is not uncommon in the literature to consider the finite energy solution of the
Navier-Stokes equations.
That is

/]u(x,t)|2dx < 00.

That means u exists in L2, In contrast, the KL paper assumes only that v € L>(R3)N
C°°(R3). Thus, the KL paper allows for an infinite energy. Their paper begins by

discussing the parabolic system
uy = Au+ Dig(u(x,t)), z€R) t>0, D;=03/0x (2.3)
with initial condition
u(z,0) = f(x), f& L>®(R% (2.4)

on a maximum time interval 0 < t < T'(f) where g was assumed to be quadratic in u.
It was shown that under the assumptions given on f and g that there is a constant

co >0 with

T(f) > co/|fl%

and
u(, )] < 2|flee for  0<t < cof|fl.

Additionally, the estimate of theorem 2.1 was shown for 7 = 1,2--- for the solution
of the parabolic system (2.3) and (2.4).

The result obtained for the parabolic system is as important as the method used in
obtaining the main result of the original paper. The same method is used to analyze
the Navier-Stokes equations and obtain the similar bounds on the velocity field « and
its derivatives. Estimating u and its derivatives require the estimates on the pressure
and its derivatives. In the KL paper, the pressure is determined from the Poisson
equation and decomposed into the local and global part using the smooth cut-off
function and uw and derivatives of u are being used to obtain the bounds on local
pressure and global pressure. To pursue the desire result, Kreiss and Lorenz rewrite

the Navier-Stokes equations

w=~AN+Q, V-u=0 u=f at t=0



with

Q=-Vp—u-Vu
= —Vp - ZUijU.

J

The pressure can be determined by the Poisson equation
.3
= (Diw;)(Djus).
i3
Dropping the t-dependence in the notation, one gets formally,

o) = 52 2 | DD s

This was decomposed into local and global part, p = pioc + pgi , as follows
a C'* cut-off function ¢(r) with

p(r)y=1 for 0<r<1, ¢(r)=0 for r>2.

Then, for > 0, define

pcle) = 1= 3 [ o = 4Dy 006 e =)o)y

: Choose

(2.5)

The global part, pgy, = p — pioe, is determined correspondingly with ¢ replaced by

1 — ¢. For the application purpose in the later section, it will be chosen that § = /2.

The KL paper provides suitable bounds on pj.c, Dpioe and Dpgy,. The problem

with the integral for the pressure is that it may fail to exist because of the fact that

u € L. If the integral fails to exists the subsequent calculations and bounds are

essentially incorrect. At the end of the paper, however a modification
. 1
P t) =PV - [ (Gl =) = o) ()0, )y
1,3

where G(y) = |y|~! and

Gi;j(y) = D;D;G(y)



was given.

The modification was claimed to solve the Poisson pressure equation and has
benefit of being bounded as long as |z| < R for some R > 0 by an application
of the Mean- Value Theorem. We will also prove that claim when the solution to
the Navier-Stokes equations is considered to be smooth periodic in space. Thus the
modified pressure integral exists even if the velocity field u may not have any decay

at space infinity.

Consider a modified kernel
Gij(r —y) — Gij(y)

so the modified pressure term becomes p*(z,t) = p(z,t) + C(t) where C(t) is a time
dependent constant. Notice, in the Navier-Stokes equation only space derivatives of
the pressure term appears, therefore adding or subtracting a suitably chosen time
dependent constant would not matter.

It can be shown that the modified pressure solves the Poisson pressure equation

and it also satisfies the estimates:

[Prclse < C(lulZ, + 6]uloo| Duloo);
Dprcl oo < (6 ulZ, + 6| Dul2,);
1 Dpyi]oc < 06_1|u|§o.

These estimates are required to obtain the main estimates in the original paper,
however, they are not discussed rigorously in the KL paper for the modified pressure

term and for its higher order derivatives.

Since we are interested in the smooth periodic solution of the Navier-Stokes equa-
tions, we are concerned whether we will be able to obtain similar estimates on the
periodic pressure so that we could follow the same techniques as in the KL paper.
Expecting the periodic pressure term of the same underlying structure as the modified
pressure would not be surprising for the purpose of obtaining the similar estimates as
in the KL paper. While dealing with the pressure in later section, we will keep that
thing in our mind so that the pressure term possesses same underlying structure as

the modified pressure.

On the other hand proving theorem 2.1 in the KL paper is identical to the results
of the parabolic problem (2.3) and (2.4). This will prove that all derivatives of u are
bounded in maximum norm by the max norm of initial function f € L°°(R?) in some
maximum interval (0,7'(f)) for 0 < T'(f) < oc.

10



The next section of this doctoral dissertation will be focused on how to prove
the KL paper when the initial function f € Cp¢,(R®) which is a special case of the
KL paper and our main work for this dissertation. The difficulties in doing so lie
on the fact that whether we will be able to obtain estimates on the pressure and its
derivatives as in the KL paper. However, for the parabolic system in the periodic
case seems working exactly the same way as in the KL paper by the availability of

the Poisson summation formula.

3 The KL Paper in Periodic Case

This section of this doctoral dissertation will be concentrated in details of obtaining
the estimates of theorem 2.1 when the initial data is smooth periodic. It is well-
known that the unique smooth periodic solution of (2.1), (2.2) for f € Cp.(R")
exists in a maximum interval of time 0 <t < T'(f) for some T'(f) < oco. Since our
data are smooth periodic, we will seek the use of the Fourier expansion in the process
of establishing many auxiliary results to prove theorem 2.1 whereas this was not the
case in the KL paper since their solution is of class L®(R3) N C*(R?). For that
purpose, we will consider the Cauchy problem for 3D incompressible Navier-Stokes
equations (2.1) and (2.2) where f € C.(R3).

per

To follow the techniques of the KL paper, we are required to establish some

auxiliary results of the heat equations in a torus T" for n > 3.

3.1 Periodic Heat Flow in R"

Consider the Cauchy problem associated to the heat equation with periodic boundary

conditions, that is

Au(z,t) VYV (z,t) € R" x [0,00), (3.1)
u(z,0) = f(x) vV xzeR" (3.2)

£

=

=
Il

Though we are considering smooth periodic initial function for the Navier-Stokes
equations, for now we can relax the assumption of smoothness on f and consider
[ € Cper(R™). Taking the Fourier expansion of the PDE (3.1) and the initial condition
in (3.2) we get, for k € Z",

a15(167 t) = _|k|2a(k7 t)a

a(k,0) = f(k).

11



For each fixed k, this is an initial value problem for an ordinary differential equation.

The unique solution is given by
Uk, t) = e *PLF(E). (3.3)
To satisfy the initial condition, we use the superposition

u(z,t) = Z e_|k|2teik'xf(k). (3.4)

kezn

Formally, (3.4) can also be written as an integral operator

o= 3 [ [ ]

kezn
1
= @0 Jon O(x —y,t)f(y)dy (3.5)
where
O(a,t) =Y e Mtk g0 (3.6)
kezn

is the periodic heat kernel in R".

Proposition 3.1. The series in (3.4) and (3.6) and their term by term derivatives of
all orders, converge absolutely and uniformly on R" X [t, 00) for all ¢ > 0. Both are
solutions of the heat equation on R™ x (0, 00) and both belong to C*(R" x (0, c0)).

The initial condition is satisfied as lim; o+ 0(.,¢) * f = f in the maximum norm.
Proof. Left to the reader. n

There are other possible expansion for the periodic heat kernel. For example, in

one dimension, it is easy to see that

O(z,t) =1+2) cos(kz)e ™.
k=1

Thus the periodic heat kernel is a real valued function. But the fact that it is also
a non-negative function is not so obvious. Analogous facts hold in higher dimension
as well.
Next, we are going to state the Poisson summation formula and use it to prove that

the heat kernel given by (3.6) is non-negative function.

(The Poisson Summation Formula) Suppose f € C(R"), satisfies |f(z)| <

~

C(1+ |z])™™ ¢ for some € > 0,C > 0 and |f(§)| < C(1+ |£])™™ ¢ then

> fla+2mk) = (271)” > Flk)et. (3.7)

keZm kezn

12



where

£(€) = —1 )e E Ty
16 = oy || e

is the Fourier transform of f in R".
Proof. The proof can be found in most standard Fourier Analysis books. O

With the use of the Poisson Summation Formula, we prove the following important

proposition for this section.

Proposition 3.2. Let 6 = 0(x,t) be the function defined in (3.6). Then for all ¢ > 0,

reR"” p
\" —|z + 27k|?
0 = - _ . .
(x,1) Z (t) exp [ pm (3.8)
kezn
a2
Proof. Let us take the function f(x,t) = — e~h for t > 0, x € R™. The Fourier

o (47rt)%
transform of f with respect to the space variable is given by f(&,t) = e 6Pt Tt is not
difficult to see that f satisfies the requirements in the Poisson summation formula.

Therefore, applying the Poisson summation formula, we get

1 ~ -
G > Flk )™ =N fla+ 27k, 1)
)" yezn kezZr
2 1 —|et+27k|?
Z — |kt jik-z (2 )n Z —E
e e s =€
kezr iz (4mt)>
e % 7\z+27rk|2
0 = — T
(x,t) Z (t) e 1
kezn

]

It is obvious from (3.8), the periodic heat kernel is non-negative, real valued
function. Next, we are going to state properties of the heat kernel which will justify
that the heat kernel is an approximation of identity. Later, we will be using these
properties of the heat kernel to obtain some auxiliary results for the solution to the

heat equation in periodic case.

Proposition 3.3. Let §(z, t) be the function defined in (3.8). Then 6(z,t) € C*°(R" x
(0,00)) and

i. O(z,t) >0 for all (z,t) € R™ x (0, 00).

. o [ 0(z,t)de =1 for all t € (0, 00).

@n"
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iii. limy; o+ an\Ba(O) O(z,t)dx =0 for all 6 € (0,7).
Proof. Left to the reader. m

With the heat kernel of the form (3.8) in hand and with proposition 3.3, we now
are ready to establish some auxiliary results of the heat equation for periodic initial
data. For that purpose, let us rewrite the Cauchy problem associated to the heat
equation for f € Cpe,(R™). That is

u=~2Au, u=f —at t=0. (3.9)
The solution of (3.9) is denoted by

u(t) =u(.,t)=e>f=0xf

a2
where 0(z,t) = 6,(z) = 1/(4nt)"?e o ,t > 0. It is well-known that the solution of

(3.9) satisfies the following estimates:

€% floo <[ floos  £20 (3.10)
D7e® floo < Ot 72| floe, t>0, j=1,2,-- (3.11)

Here, and in the following, C, C}, etc. denote positive constants that are independent
of t and f.

Proposition 3.4. Let ' € Cp,(R" x [0,7T]). Then the solutions of

u=Au+ F(z,t), u=0 at t=0 (3.12)
up = Au+ D;F(z,t), u=0 at t=0 (3.13)

respectively obey the estimates

1/2 1/2
[u(t)loo < 267 max {s™|F(s)|oo } (3.14)
1/2
[u(t)loo < € max{s=|F(s)]oo}- (3.15)

Proof. In the following, we will use F'(t) := F'(.,t) to be consistent with the notations.
To prove (3.14), let us write the solution of (3.12) using the Duhamel’s principle

¢
u(z,t) = / AR (x s)ds (2 € Rt > 0)
0

14



We estimate u(t) as

umw;AW@mm

¢
:/ s7V2512| F(5)|sods
0
< max {s"?|F(s) }/ —124s
0<s<t

< 2t1/? max{31/2|F(

To estimate the solution of (3.13), we note that D; commutes with the heat semi-

group. Again, using the Duhamel’s principle we have

t
u(t):/ 2D, F(s)ds
0

t
:/ D;e® =) F(s)ds.
0

Using (3.11) for j = 1 we get

[u(t)|oo < C/( $) V2 F(s)|sods

—C/ 1/2 —1/2 1/2|F< )| ds
1/2 ~1/2 —1/2
ot < € guax (s IE )} [ (0= 5) %57 s,
since fg §)~1/2571/2ds = C for some C' > 0 independent of t. In particular, for
t =1, we have C = fo ~1/25=1/2(s. Therefore
1/2
D)o < € s (2] F(5)] ).
]

3.2 Estimates for Parabolic System
In this section, we consider the system

u = Au+ Dig(u), D;=0/0x; (3.16)

u=f at t=0 (3.17)

15



where g : R" — R" is assumed to be quadratic in w and f € C2° (R"). It is well known

per

that the solution is C'%° in a maximal interval 0 < ¢ < T'(f) where 0 < T(f) < oc.

per

Let us set
F(z,t) = g(u(z,t)) for zeR", 0<t<T(f)

and consider u as the solution of the inhomogeneous heat equation u;, = Au + D, F.

Since g(u) is quadratic in u, therefore there exists a constant C, > 0 with
lg(u)| < Cylul?,  |gu(u)] < Cylul for all wue R™ (3.18)

All second u- derivatives of g are constant. Next, we introduce the following important

theorem.

Theorem 3.5. Under the assumptions on f and g as mentioned above, the solution
of (3.16) and (3.17) satisfy the following:

(a) There is a constant ¢q > 0 with

ﬂﬂ>§é (3.19)
and
()| < 2/floe for 0<t< IJfloio (3.20)
(b) For every j =1,2,---, there is a constant K; > 0 with
H21DIu( )]s < Kj|fles for 0<t< 2 (3.21)

/1%
The constants ¢y and K; are independent of ¢ and f.
Proof. To prove (a), let C,; denote the constant in (3.18) and C' denote the constant

in (315) Set, Cop = m

(3.17) can be written as

Using the Duhamel’s principle, solution of (3.16) and

t
u(t) = e”'f +/ A= DF(s)ds.
0
Using (3.10) and (3.15), we get

1/2
[u()] < Ifloo + € max{s"|F(s)loo}-

16



Suppose (3.20) does not hold then we can find some ¢, with 0 < ¢ty < ¢o/|f]2, such
that [u(to)|eo = 2|f|e- Using (3.18), we have |F(s)|s < Cylu(s)]%, < Cylu(to)|%. So

all these give us
1/2
21floo = ulto)loo < |floe + CCyty* max fu(s)[%,
SS85to
2 floo < oo + CC,EY 4] f12..
This gives
1 < 4CCyte*|floos

thus to > 1/(16C*C}|f|%,) = co/| f|%,- This contradiction proves (3.20). Moreover, if

T'(f) is finite then we will have lim sup,_, (s [u(t)| = 0o. This validates the estimate
T(f) > co/1f1%-

Next, we prove estimate (3.21) by induction on j. The base case j = 0 is proved

by estimate (3.20). Suppose j > 1 and assume for 0 < k < j—1
2D u(t) oo < Kilfloo  for 0 <t <co/|f[2 (3.22)

Here ¢ is the same constant as defined in part (a). Now, we apply D’ to the equation

uy = Au+ D;g(u) to obtain
v = Av+ Dg(u),  vi= D
Use the Duhamel’s principle to obtain
v(t) = Die® f + /t 29 Ditlg(y(s))ds.
0
Using (3.11) we get

t
tj/2|v(t)|oo§0|f|oo+tj/2/ eI DI g(u(s))ds| (3.23)
0

(o)

We split the integral into

t/2 ¢
/ +/ — L+ Iy
0 t/2

17



In what follows, we allow the constant C' to change from line to line. Again, using

the fact that D/*! commutes with the heat semigroup we obtain

2
uw»—A DA g (s))d

S
2 -
< / | DI g (u(s))ds| sods
0
t/2 '
< [0 O g (us) s
0
— IO

The integrand in I, has singularity at s = t. Therefore, we can move only one
derivative from D’*1g(u) to the heat semi-group.( If we move two or more derivatives

then the singularity becomes non-integrable) Thus we have

t
/ De”=9) Dig(u(s))ds
t/2

1 2(t)] 0 =

o0

< C’/t;(t — 5) Y2 D7 g(u(s))|oeds. (3.24)

Recall g(u) is quadratic in u. Therefore

j—1
[D7g(u)]oo < Clut|oo| DV tlog + C Y [DFut)o| D |
k=1
We try to bound the sum in the above expression. By induction hypothesis (3.22) we
get

j—1 j—1
O IDHuls) ol D u(s) e < €3 572 s L
k=1 k=1
< Cs7PfI%
where C' is independent of ¢ and f but depends on j. Next, we obtain
[D7g(u(5))|oe < Clu(s)]oo|D?u(s)]oo + Cs /2| 2.

Therefore
t

ImmwSQLf‘QWWMMQWMﬂm+f”mQ%

¢
SC’/ (t—s)_1/2|u(s)|oo|Dju(s)|OOds+C/ (t—s)_l/gs_j/2|f|iods.
t/2 t/2

18



Second integral in the above expression can be bounded by C|f|%t!=7)/2 because
ftt/Z(t — 5)"Y25712ds = Ct"79)/2 and the first integral is bounded by

t t
/ (t — 5)" 2 u(s) oo DIu(s) | oeds < C|f / (t — 5) 257325 Diny(s)| ods.
t/2 t/2
(1—-35)/2 7/2 |1
< Ot 92 g (77 D))

We use these bounds to bound the integral in (3.23). We have v = D’u. Then
maximizing the resulting estimate for #/2| Diu(t)| over all derivatives D7 of order j

and setting
o(t) = /2| DIu(t)|
we obtain the following estimate
8(0) < Clf oo + CEPISE, + CIft? ax 6(s) o 01 < cof |2,
Since t/2| f| < \/co then CtV/2|f|2 < C'\/o|f|so. Therefore
0(t) < Cjlfloe + Cjlfloct? max é(s)  for  0<t <eof|f[%. (3:25)

Let us fix C; so that the above estimate holds and set

. 1
C; = 1min {Co, 4_60}
J

First, let us prove the following
o(t) < 2Cj|floe  for 0 <t <c/[f]%.

Suppose there is a smallest time ¢y such that 0 < to < ¢;/|f|% with ¢(tg) =
20| f|oo-Then using (3.25), we obtain

2051 floe = é(to) < Cjl 1 + 265 | f 3k,
thus
1< QC’j|f|oot(1)/2 gives  to > ¢;/|f|%
which contradicts the assertion. Therefore, we proved the estimate

2 DIu(t)| o < 205 floe for 0<t<c¢;/|f|%. (3.26)
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If

Cj Co
O 1%
then we start the corresponding estimate at ¢ — 7;. Using part (a) we have |u(t —

Tj)|eo < 2|f|e and obtain
T DIu(t)|oo < 4C;|floe- (3.28)

Finally, for any ¢ satisfying (3.27),
. iz
42 < iz _ [0 79/

and (3.28) yield

- o\ /2
BDIu(t)| o < 4C (—) Flo.
C

J

This completes the proof of theorem 3.5. O

3.3 The pressure term in the Navier-Stokes Equations

This section of my work will be focused to an analysis of the pressure term in the
Navier-Stokes equations. The pressure term can be determined from the Poisson
equation which can be obtained by taking the divergence on the both sides of the
momentum equations of the Navier-Stokes equations. The main focus of this section
would be deriving a suitable smooth periodic pressure term that solves the Navier-
Stokes equation along with the velocity field u. Before we get started determining
such pressure and study its underlying structure, we start by establishing some known
results of solutions of the Poisson equation in R? to make readers familiar about them.
In addition, we would like to focus that Proposition 3.6 and 3.7 of this sections are
classical results, though I have provided very nice proofs with carefully added details.

Let us consider the following Poisson equation
~Ap=yg, geCiRY). (3.29)

A solution of (3.29) is given by

p(@) = — / 9w g, (3.30)

T 4r R3 ‘1’ - y\
1
4
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where G(z) = | E Because the singularity at y = z is integrable and g € C3(R?), the

integral given by (3.30) exists in the classical sense.

On the other hand, since g € C5°(R?), we can also implement the Fourier trans-

form to obtain the solution of the Poisson equation as follows:

Let us assume apriori that p is well-defined, and since g € CZ(R3) C L?(R?) we have

[€1°D(§) = 9(8) §E€R,

ﬁ(£)=#§(£) for €#0.

We know that the Fourier transform is an isomorphism between the spaces L*(R?),

therefore p € L?(R3) and we can write

_ 1 9(§) RS
= n / e
L 9.
= np / e
1 1 1 —iy iz
_ O /]R3£—|2(—(2 )3/2/ g(y)e 5dy)e Sd¢

p(x) =

1
R3 JR3 |£|2 dyd§
eié-(z—y)
:<2w>3/ﬂ{3 (Pv [ e Jatwr
- GG o) (3.32)

where G(z) = PV [gs |Z|; d¢ is called the Poisson kernel in R3. Next, we prove the

following;:

Proposition 3.6. If (3.31) and (3.32) solve the same Poisson equation (3.29) then

1 [ eie 1
Ve Lo T T (3:33)

Proof. For x = 0, both sides of (3.33) become infinity. Therefore, let  # 0. In
addition, the singularity at £ = 0 in the integral of (3.33) is integrable whereas the

slow decay of the integrand at space infinity not absolutely integrable. Therefore, the
integral on the left of (3.33) needs to be treated as the limit of

1 et
lim —— / e
R—oo (27)% Jigi<p |€I
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Therefore let us write

PV / = tim / Mdg for R>0
— —_— 1m I .
(2m)? Jgs [§]? Roo (21)8 Jigi<r €]2

First, let us prove this proposition for x = (0,0, z3), z3 > 0, therefore, we get

62{3363 6@{31‘3
PV / = lim d&
R3 |§|2 R—oo Jigcp |€]?

Changing into spherical polar coordinates, we obtain

ei{gmg 27 T R eirmg cosf
PV/ T ¢ = Alm / / / 2 2 sin Odrdfde
R3 —00

(27) lim / / 3080 oin 0dOdr
R—>oo

Simple substitution yields

PUEEE!
PV/ —5 d¢ = (2 hm/ / e dudr
R3 ‘5’ R—oo 1

R _irzsul
=27 lim : dr
R—oco Jo irxs3

R

= 41 lim SIS dr
R—o0 0 Tx3
= 4—7T lim : Sinudu.
x3 R—o0 0 u
Since fooo Sif;“du = 7, we get
1323 272
R3 |f| T3
Therefore,
1 i3s3 1 272
PV dé =
o o T = o
1
= for x3>0.
dmxs

Proceeding exactly same way as above for x3 < 0, we obtain

1 ¢itar 1
PV dé = ———.
(2n)? / TR

Finally for any z3 # 0, we get
1 163963 1
PV / —_—
) Jes 67 T dmlay
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Thus, we have proved the proposition for x = (0,0, x3). Moreover, we proved that
the integral on (3.33) exists in the principal value sense for x # 0. Next, we rotate

and scale the point x to prove the proposition in general case.

Let us rotate the point z = (0,0, z3) by some orthonormal matrix A so that y = Az
with |z| = |y| . Then

1 eé 1 etArg
Vv d¢ = PV d
(2n)? / e = o / G

py_! / e
e R

Let AT¢ =n. We also know |¢| = |n| and |detA| = 1. Therefore, with this change of

variable, we obtain
1 e 1 et
PV—— —d¢ = PV—— —— |det Ald
o e TG P g o Al
1 etz
=PV / dn
(2m)? Jgs [n[?

PV — /emgd
= n
(2m)3 Jgs Inl?
1

_47T|5133‘

1

drly|

Finally, let us scale the point y obtained by rotating the point x as z = ay where
a#0,aecR. Clearly |z] = |o||y|. Then,

1 [ et 1 [ eions
PV — —d¢é = PV d
(2n)? / e = / T

Pyt / U
o em)d Jes |2

Simple change of variable & = 7 gives
1 e s 1 ety dn
% / d§¢ = PV / al?
P Jes T€P 2 Jes T TaP

Pyt / e
= 0
(2m)? Jgs || |n)?
o

4|yl

1
 An|z|

This completes the proof of proposition 3.6. n
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The Poisson equation with periodic boundary conditions is of considerable interest

in this part of our work. First, we find a solution of the partial differential equation

with periodic boundary condition: or in an alternative form, to compute the integral

plx,t) = | Gz —y)g(y,t)dy (3.35)

T3

where g € C% (R?) and T® = [0,27)3. The G(z) in (3.35) is the Green’s function of

per

the Poisson equation (3.34) and is given by

G(z) = (271T)3 Z

keZ3
k0

ezk-x

|2

(3.36)

Apparently, the solution of (3.35) exists and can be given by

pla) = plk)e*” (3.37)
keZ3
k#£0

eik:-y

where p(k) = ﬁ s e g(y)dy. Notice, we have suppressed the t-dependence in

our notation.

The series in (3.37) does not converge absolutely; however, because of some oscilla-
tions in the summand, the series still manages to converge for x # 0. At the same
time, we would like to modify the series given in (3.36) so that the convergence of
such series is easy to observe. For that purpose, we proceed via the Fourier expansion

on the Poisson equation (3.34)

Blk) = #am

T / e gy
0

:§(k)/ e_k|27d7'+/g\(k)/ ey, for >0
0 e
e_‘k|2a

|2

Q)

(k) /0 " oIk g + (k)

= p1(k) + pa(k).
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Let us rewrite (3.37)

keZ3

k#£0
= (pi(k) + pQ(k))eZ’“ v

kez3

k#0
= S AMe 4 3 et
keZ3 keZ3

k0 k#0

= p1(r) + pa(z)

Take

The Lebesgue dominated convergence theorem allows us to write

nio) = [ (X e e ar

keZ3

/0 S (g 0) (K)eedr.

keZ3

Note that 6 is the n-dimensional heat kernel. Since F~!(e l€’7)(z) = % for

7 > 0, here F is the Fourier transform in R3, and using the Poisson summation

Z/ (/Ts % (y)dy>d7

kez3
e —|z—y+27k|? /AT
/ — 55— dTg(y)dy.

/T (47r7)3/2

formula we obtain

keZz3
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Also

)= Y Rk)e™

kez3
k0
|k|2 ,
=390 e
k0
|k|2 ik ik
= Z T /ng(y)el Vdye™™
keZ3
k;é(]
2
e "7 g(y)dy
T% ez
k=0

Finally, we arrive at the following expression

Z/ 7|x y+2mk|? /47' 3/2d7'> ( )dy

: / (Z G LR
et (&
3 2
) S \ & TH] o
(3.38)

Hence, we have proved the following proposition.

Proposition 3.7. The expression in (3.38) solves the Poisson equation (3.34) with

the Green’s function of the form

Z —|k|2 Z/ —le2mk2/AT =320 for a0 > ()
e .

kezZ3 |k| 87T\/_k 73

k#0

Next, we will connect the Poisson equation to the Navier Stokes equations. To do
this, we apply the divergence operator V- to both sides of the momentum equation
of the Navier-Stokes equations along with the divergence free condition V -u = 0 and

obtain
—-Ap=yg (3.39)

where

g(z,t) =Y DiDj(uju;)(x,1).

2,j=1
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The pressure term in the Navier Stokes equations can be determined by the Poisson

equation (3.39). Dropping the ¢-dependence in our notation we formally have
1
o) = 3= 3 [ Gl = DD )y (3.40
2

where G(z) = ﬁ is called the Poisson kernel in R3.

There are couple of concerns in the integral (3.40). First, the singularity at y = z,
and second slow decay of the integrand for large y. However, singularity at y = x
is harmless because it is integrable. On the other hand the slow decay may cause
the non-existence of the integral. The integral (3.40) may not exist in the classical
sense but the Calderon- Zygmund theory of singular integrals guarantees that p is in
the space of bounded mean oscillation(BMO). Our main goal while dealing with the
pressure is to obtain a smooth periodic pressure such that (u,p) solves the Navier-
Stokes equations with appropritate initial condition. The pressure given by (3.40)
is nowhere close to the type that we are looking for because either non-existence of
the integral or the requirements of the periodic pressure. Since we are still interested
to follow the techniques of the paper by Kreiss and Lorenz, we motivate ourselves
to produce a smooth periodic pressure with the same underlying structure as the
pressure in (3.40). To proceed in that direction, we next start with the following

definition.

Definition 3.8. Let (u,p) be a solution to the Navier-Stokes equations (2.1) and
(2.2) with f € C2 (R3) and suppose that u € C2.(R3) for 0 < t < T for some

per per

T < co. The modified Poisson pressure is given by
. 1
Pt = 5= 3 [ [Gole =) = G (wy) v,y (3.41)
1,J

where for i, j € {1,2,3},
Gij(x) = DiDj(|=| ™) (3.42)
where G(z) = |z| 1.

In the following, we would be focused to show the existence of the integral (3.41) in
the principal value sense and p* is a smooth periodic pressure so that (u, p*) solves the
Navier-Stokes equations (2.1),(2.2) with f € C%, (R?). Before we do so we introduce
the following elementary results for the kernel given by (3.42) and (3.43) whose proofs

are left for reader since they are standard exercise problems of multivariable calculus.
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Proposition 3.9. Let S?, denote a sphere of radius a and centered at 2 € R* and

dS denote the element of surface measure of sphere in R?, then for 7,5 € {1,2, 3}

0 if i#j
/S (z; — yz‘)(l’j - yj)dSy = 4 )

dmas - §f G =g

2
T,a

Proposition 3.10. For i, j € {1,2,3}

Gij(z —y) = 3r — ) — ;)

|z =yl
and
3(w; —y;)” — |lv —yl?
G" _ — J J
77 (l’ y) |l’ . y|5
then

Proposition 3.11. Let Q = {y e R* : ¢ < |z —y| < 6,2 € R3} for any ¢,§ > 0. Then

/QGZ-J-(SU —y)dS, =0 forany i,je€{1,23}.
Lemma 3.12. Let G;; be the kernel given by (3.42) and (3.43). Then
Gule =) = Gyl < {1 for Iy]> 2l
Proof. Let us define
o(t) =Gy —tz), 0<t<1.

For |y| > 2|z|, fundamental theorem of calculus applies and gives

Gyl — ) — Gogly) = 3(1) — $(0) = / & (t)dt
and

Gigly — ) = Gis)] = 16(1) — 6(0)| < puax |6/(1)].

Obtain

@' (t) = —x - VGyji(y — tz)
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and by Cauchy-Schwarz inequality

Cl|
"(1)] < VGi(y —tz)| < ———.
610)] < 1alIV Gty —t0)] <
For 0 <t¢ <1 and |y| > 2|z| we have
Y Y
[yt > ol —tfe] > ol — [z >yl — 2 =
Thus,
Clz|
/
IOl < 7
This proves lemma 3.12. O

Lemma 3.13. Suppose that G;;(y) is the kernel defined by (3.42) and (3.43). Then
for any § > 0 and fixed z € R3,

PV / Gij(z —y)g(y)dy < oo (3.43)
lz—y|<d

where g(y) = (u;u;)(y), for any i,j € {1,2,3}. However, a Lipschitz continuous g

would suffice for the result of this lemma to be valid.

Proof. For any fixed x € R? and 0 < € < §, denote
Ia)= [ Gyl iy
e<|z—y|<é

Since g € C2° (R?) and using the proposition (3.11) for any = € R?, we can get

per

/ Gij(z —y)g(z)dy = 0.
e<|z—y|<é
Therefore, we can also write
o) = [ Gyl o) - glo)dy
e<|rx—y|<d

Using |Gyj(x —y)| < Ly‘g, for some C > 0 yields

|lz—

fl<e | sle) ol

Next, we determine the suitable bound for |g(y)—g(z)|. Let us start with the following

9(y) — g(x) = (uu;)(y) — (wiu;)(x)
= ui(y)ui(y) — wi(y)u;(w) + wi(y)u;(r) — ui(w)u;(r)
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and
19(y) — 9(@)] < |wi()[|u;(y) — ()] + |w(2)]|ui(y) — u;(@)|
< |uloolu(y) — u(@)] + |ufo|u(y) — u(z)]
= 2|uloo|u(y) — u(z)|.

Let
o) =ulz+(y—x)t), 0<t<1.
Then
o) =00 = [ ot
_ /01 V(e + (y — 2)t) - (y — 2)dt.
Therefore

luy) — u(z)| = [6(1) — ¢(0)| < max [Vu(z + (y — 2)t)||ly — z|

0<t<1

[uy) = u(@)] < [Vulslly — .

Since u € C.(R?), we obtain

per
19(y) — 9(2)] < 2u|oo| Vulso|y — 2|
< Cly — x|.

Hence
1

e<|z—y|<d |(L’ - y|3

1
of
e<|z—y|<d |LE - yl

Changing into polar coordinates gives

[I(z)| <C l9(y) — g(z)|dy

5
[I(z)| < C’/ r?/r?dr = C(6 — ).
Finally
PV / . Gij(x — y)g(y)dy = lim Gij(z —y)g(y)dy
r—y|<

e—0 e<|z—y|<d

= lim I (z)

e—0

<lmC(6 —¢)

e—0

= (6 < o0.
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Finally, we have proved that the integral given by (3.44) exists. Hence the Lemma
3.14 is proved. [

Next, we are ready to state and prove an important theorem of this section of our

work.

Theorem 3.14. Suppose that (u,p) is a solution to the Navier-Stokes equations
(2.1) and (2.2) with f € C55,(R?) and suppose that u € C35,.(R?) , ¢ € [0,T) for some

T < co. Then for any fixed z € R3 the modified Poisson pressure given by

(3.41) exists and does not grow faster than a logarithmic function of |z| as © — oo.

Proof. In what follows, we suppress the t-dependence in our notations and denote
9(y) = (wu;)(y). In addition, we allow the constant to change line to line. First, if
x = 0 then p*(x) = 0, therefore there is nothing to prove. Let z # 0 be fixed and
write the integral given by (3.41) as

@ =PvIC [ (Gl —) - Gow]awiy

i ly|<2|z|

+ PV Z 0/ Gij(x —y) — Gi(y)] g(y)dy

|ww
:h+b
where
L) =PVY C / Gyl — ) — Gy ()] 9(y)dy
— Jyi<ale
—PVE:C/j Gz — M@My—PVE:C/, Gii(y)g(y)dy
yl<2lal = i<k

=J1+ Jo.
From the lemma 3.13 for fixed x, we obtain

| Ja(2)] < Cla|
<C.

Denote the ball of radius 7 and centered at = € R? by B,(z). For some € > 0, write

Ji(x) = PV Z/ Gij(x — y)g(y)dy

= Jlyl<2fal
— Zc/
ij

ly|<2|z[\Be(z)

Gmx—ymwﬂy+PV§:C/ﬁ Gij(x —y)g(y)dy

ij B

= T T
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Again, from lemma 3.13, we immediately get
|J7*(x)| < Ce.

Let us notice that {y € R3 : |y| < 2|z[\B.(z)} C {y € R?: ¢ < |x — y| < 3|z|} to get

e[ G-l

e<|z—y|<3|z|

Using lemma 3.13 again we get

EAEIED el B e I

e<|z—y|<3|z|
< C@3lx] —€)
<C.
Therefore, we have the following estimate for Ji:
[J1(@)] < |J ()| + 37 ()]
<C+Ce
<C.
We obtain

[L(2)] < [N (@) + [ Ja(2)]
<C.

Next, we will find bound for I5 which is given by

I(x) = ggo;c / o Gula =) = Gty

Use lemma 3.12 to obtain

[2(2)] < lim ZC/ I,

R—oo id 2lz|<|y|<R ‘914
li
- Jm 30k |
Evaluating the integral using the polar coordinates gives us
|I(x)] < hm ZC|$| {— - —]

< lim CB—%}

2lz|<|y|<R |?/|

R—00 “—
?/7.7

< C, forany r € R?
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Therefore

()] < [L(2)] + |[L2()]
< C.

Hence, we proved that the modified Poisson pressure p* given by (3.41) is bounded for
fixed z. This proves that the integral equation given by (3.41) exists in the principal
value sense. Now, it remains to prove the p* does not grow faster than the logarithmic

function of |z| for large x. For that, choose |z| > 1. Let us write p* as
P =pPrYC [ (G- - ]ty
ij y|<2|x

+ PVZC/l ” [Gii(x —y) — Gi()]9(y)dy

i?j

=p; + s

Notice, the estimate for p} is same as that for I; in the previous case. Therefore

Ip3(x)] < C.
Here
pi(x) =PV C/ [Gij(x —y) — Gij(y)]g(y)dy
i ly|<2|z|
=PV C Gij(x —y)g(y)dy — PV Y _C Gij(y)g(y)dy
o Jwi<2lel <2kl

We can write the above integral as

(z)y=>» C Gij(x — dy+PV » C Gij(z — d
pi(x) zj: /yKM\BM (= y)g(y)dy + PV / (z = y)g(y)dy

i B@

—PvY | Guweydy-> C G (y)9(y)dy

i ly|<1 ij 1<|y|<2|z|
=T+ Ty +T5+ Ty.
Applying lemma 3.13, we immediately get
|To(z)] < C  and |T3(x)| < C.

To estimate T}, we observe that {y € R® : |y| < 2|z|\Bi(z)} C{y e R®*: 1 < |[x—y| <
3lz|} and |Gyj(x — y)| < =S, for some C' > 0. Therefore

lz—y|3°
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T (2) sZc/ Gyl — y)ldy
1<|z—y|<3|z|

1,J

1
<>cf .
Z 1<|z—y|<3|z| ‘LU - ,y‘3

i.j
Changing into polar form gives

3|z| 1

Ty(x)] < Z;Cfl Lar
< C'ln3|z|.
Similarly,

|Ty(z)| < C'ln2|z|
< C'ln3lz|.

Therefore, we obtain the following bound for p}

pi(2)] < [T(2)| + [Ta(2)] + [Ts(2)] + [ Tu()]
< C(1+1In3|z|).

Combine the results from above, we get a bound for

P (@) < pi(@)| + |pa(w)]
< C(1+n3|z)).

Finally, we have proved that the modified Poisson pressure exists and does not grow

faster than logarithmic function of |z| for large . O

Theorem 3.15. Let

. 1
Pt =PYY - [ [Gole=9) - Golw)ndy (.44
i,J
Then p* is a solution to the Poisson equation

—Ap(x,t) =Y (Dyuy)(Dju;) (0, £). (3.45)

i,
Proof. Once again, we will suppress the t-dependence in our notations. Suppose,
there is an R > 0 such that 2|z| < R. Let us introduce a C*° cut-off function ¢(r)
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with ¢(r) = 1if 0 < r < R and 0 for r > R+ 1. We write p* using this cut-off

function as follows:

p@) =PV S = [ [Gote =)~ Gull(6lll) — (1 = o)) ) o)y
=PV [ Gt =) = Gutlotil) ) )y
T /| 0@ =) = G = d(lyD) (i) (y)dy

Using integration by parts and the fact that the ¢ vanishes on the boundary, we

obtain

pinlr) =Y g | 16 9 GIDD Gl )y
=Yg |6 )~ GwIDD )y

1
RO [ (66 =) = GIDD, o) )

= I(z) + I(x).
Then
DNl = Dl () + Aplo(z).
It is known that for values of y different from x, we have
NG —y)=0 and A,Gi(z—y)=0
This clearly implies A,pyy,(z) = 0 and A, Ir(z) = 0. Therefore, we arrive at
Ap(x) = Al ()

This completes the proof of theorem 3.15. n
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As per our quest of a smooth periodic pressure that has same underlying structure
as the BM O valued pressure in (3.40), we have just been able to construct a modified
pressure (3.45) which solves the Poisson equation (3.46) and exists in the principal
value sense. However, we are still left to show that such modified pressure is smooth

periodic for a smooth periodic velocity field.

Recall, we used the Fourier expansion on the Poisson equation (3.34) and formally
obtained a smooth periodic pressure (3.38) . However, the problem persist with the
fact that such pressure in (3.38) does not obviously have same underlying structure as
the pressure used in the Kreiss and Lorenz paper. Therefore, we prove the following

theorem which is an essential part of this paper.

Theorem 3.16. If p given by (3.38) and p* given by (3.45) solve the same Poisson
pressure equation (3.46) then p(x,t) = p*(x,t) + C(t) for some constant C that
depends only on t. This concludes, p* is also a smooth periodic solution of the

Poisson pressure equation (3.46).

Proof. Let p; = p— p*. Then p; is harmonic in R®. Suppose for any x,, x, € R?® with
1 # X9, we apply volume version of the mean value property of harmonic function

to obtain

1
) = BT oo

and

1
vl (B, (22) /m)pl W)y

where dy is element of volume measure of sphere and r > 0 be arbitrarily large.

b1 (1172) =

Let A = B,.(z1)\B,(x2) U B.(22)\B;(x1).Then
pr(21) — pa(22)] < ; / 1)l dy

<—— / Ip(y) y)|dy
Uol

< m/ (Ip@)| + [p*(v)])dy.

Since p(y, t) in (3.38) is bounded in R3 x [0, T] for some T > 0 and from theorem 3.14,
we have |p*(y,t)] < C(1+1n3|y|) where C' depends on ¢t which we have suppressed in
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our notations. Therefore, we get

b
vol(B,-(0))
< v
~ vol(B,(0))

(1) — p ()] < / C(1+ n3Jy|)dy

(14 1n3r)vol(A).
Notice if B = Byi|z,—as|(1)\Br—|z,—as|(%2) then vol(A) < wol(B). Also it is not
difficult to see the vol(B) = O(r?). To this end, we have

C(1+1n3r)O(r?)

r3

Ip1(21) — pi(22)] <

Therefore as r — 0o, we obtain p;(z1) = p1(x2) for any x1, 5. Hence we proved that
p1 is a constant function of x which proves p(x,t) = p*(z,t)+C(t). Finally, we proved

p* is also a smooth periodic solution of the Poisson pressure equation (3.46). O]

3.4 Bounds on the Pressure Derivatives

To prove the result analogous to the main theorem of the KL paper, we require the
estimates on the pressure derivatives. Since we are in the periodic case, it is natural to
expect to use the periodic pressure given by (3.38). However, this periodic pressure is
not in the convenient form to obtain the estimates as we wish to follow the techniques
of KL’s paper. In theorem 3.16, we proved that the modified pressure coincides with
periodic pressure (3.38) in torus T2. This fact influences us to use modified pressure

to obtain necessary estimates using the similar techniques as in the KL paper.

Lemma 3.17. Let u be a solution to the Navier-Stokes equations (2.1) and (2.2)
with f € C2° (R3) and V - f = 0 where pressure p(z,t) = p(x) is given by, for some

per

constant Cy > 0,
pla) = 32 Co [ [Giste =) = Gyt (wss) vy

Then there is a constant C' > 0, independent on t,6 and f so that the following

estimates hold:

[Procloe < C[ul3 + 6]uloo| Duloc) (3.46)
1 Dprocloo < C(6 7 ul2 + 6| Dul%) (3.47)
1 Dpgivlos < COulZ,. (3.48)

where pj,. and pyy, are defined in page 9 equation (2.5).
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Proof. Follow Lemma 4.1 of [12]. O

In the KL paper, estimates on the higher order pressure derivatives were not
achieved despite their need while obtaining the estimates on the higher order deriva-
tives on the velocity field. In addition, the KL paper leaves the proof of the main
theorem for the readers by giving an illustrative proof for the parabolic system (3.16)
and (3.17). To fullfil the gap left by the KL paper, we start with the following theorem

which provides the estimates on the higher order derivatives of the pressure.

Theorem 3.18. Consider the Navier-Stokes equations
w=~ANu+Q, V-u=0 u=f at t=0
where
Q=-Vp—u-Vu.

Let j > 1 and assume that for 0 < k < j — 1, there are constants ¢y and K}
independent of ¢, f such that

2 DRu(t) oo < Ki|floo  for 0< (3.49)

0
tS-Dﬁg.
Then there exists a constant C' independent of ¢ and f and for 1 <[ < 3 such that
D Dtoc() o0 < C(|floo| D tt|oe + 77| f2) (3.50)
and
DI pgin() o < Cf[2t777. (3.51)
Proof. Let us begin by applying D=1 to u; = Au + Q to get

vw=ANv+D7Q, v:=D"l

By taking the divergence on both side of the above equations we have the Poisson

equation

A solution of this Poisson equation is given by ¢ = gioc + qgi» Where

Gioc(7) = Z Co / @ =y DiDr(d(0 o — y) D'~ (usur) (y))dy (3.52)
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and
i) = 3 e = sl DiD(1 = 906 o — gD ) )y (353)

where ¢(r) =1 for 0 <r < 1 and 0 if » > 2 is C* cut-off function whose argument

is always |z — y| in this proof which we will suppress in our notations.

To estimate |Dgjoc|o0, we first apply D;, = 0/0x; under the intergral sign of (3.53)

and obtain

Dustinls) = 3 | Dualle =yl DD ) )

B(z,20)

X [l DD D ) )y

(,26)
:[1+I2

To estimate I, we first estimate Y., D; Dy(¢D?~*(u;uy)) in maximum norm. In the
following it is also important to use sz D; Dy (usuy) = Zlk(Dluk)(DkuZ)

> DiDy(6D7 H(uguy)) = > {DiDpd D’ (uur) + Dy DD~ (uuy,)

+ D¢ DD’ (ugug) + oD~ (Diug) (Dyus) }
= (it D+ Js+ J) (i k)

Let us first estimate the following:

!
Z C(1, m)D™u; D'y,
m=0
I
<C Z | D™ ] oo D™ tt] o

m=0

D' (i) o =

-1
C(|tt]oo| D'u|oo + Z D™t | D" tt] o

m=1
C([uloo| D't + 72| floct™ ™72 )
C(luloo| D uloo + 72| f12) (3.54)

Let us estimate Ji:

| J1|oo = |Di Do D’ M ustig| oo < | DiDi@|oe] D7~ Mg oo
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It is not difficult to observe that |D;¢| < C6~! and |D;Dy¢|o < Cd2. Also, the use
of (3.55) give the estimate for J; as

[Jiloo < CO2(Juloo| D7 Hutloe + 7D FIZ).
Furthermore, using ( 3.50) one more time we get
[Jiloo < COTHTOTDE| I
To estimate Jo, we again use (3.55) and proceed as

| 2|0 < | D] o] D (ustin) oo
< C5 Y (|uloo| Do + 72| F 1%
< C5 M| floo Do + 72| fI2)

J3 has same estimate as J,. Next, we estimate J; with the use of (3.55) one more

time to get
| Jaloo < |loo] D~ (Diur) (D) 0
< C(|Dufoo| Do + t~ U2 £12)
< O floo Dluloo + UV f12)
Hence

N DiDu(6D ugu))| < Clifoe + - il

1,k Oo
< C6 U 4 007 (el Dl + 1797 1)
+ O ool Do + 02 1)

Note | Dy .|z — y| oo < |z — y| 72 and estimate |I1| as

Lo < CD; Dp(éD ™ (wiug) / = — y|dy
B(z,26)

< CO{O5 2 UV fI2, 4+ O (| floo| DT uloo + 7772 f12)
+ O 2| floo Dl + 7D £2)}

Choose V0 = t, then

1o < C(1 ool D7 uloo + 7772 floo)-
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The estimates on |I5| can be obtained in the very similar way as for ||, without

integration by parts. Therefore, estimate (3.51) in the theorem 3.18 follows.

To prove the estimate (3.52), we now apply D;, under the integral sign in (3.54)

Dy 2 qgn(x Z Co/ (D1 DiDi(|z — y[™1) (1 — ¢) D7~ (wug) (y) dy

|lz—y|>6

2}%/ (DDl = y1™)(Dua(1 = 6) D ()

lz—y|>d
=13+ 14

We will need the following:

‘/ Dy .D;Dy(Jx —y| dy| < C5!
[z—y|>0
and from (3.55) for [ = (j — 1) we obtain
| D7 (wgup) oo < O f|2 70D/
Hence for v/d = ¢ we have
3] < C|fI27/7

To estimate Iy, recall that ¢’ # 0 on [1, 2], therefore

M@ZZ%LIQQMWwWWMFWWHWMWy

Also we will use the fact

’/ D;Dy(|lz —y| 'dy| < Cln2 < C,
0<|z—y|<20

|Dl,x(1 - ¢)|oo S 0571
and same as before
1D i) < CIF D

We now estimate ||

%)

i<|z—y|<28

’[4’00 S

mDum—mlxDmu—¢MDf%mwxw@\

/ aDmm—y\wq
o< |xz—y|<26

o0

S C|Dl,x(1 - ¢>|00|D]71<u2uk)|oo

< 05_1|Dj_1(uiuk)|oo
S CSTHfR e
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Using v/0 = ¢ we have

| Laloo < CIf5t72

Hence
|Dl,xQle| S |]3|oo + u4|oo
< P fI3
Hence the estimate (3.52) in theorem 3.18 follows. O

3.5 Estimates for the Navier-Stokes Equations
Recall that

wu=~ANu+Q, Q=-Vp—u-Vu, u=f at t=0.
We write @ = Qe + Qgup With

Qloc = _vploc - Z Dj(uju)7

J

leb = —Vpglb-

Theorem 3.19. (Kriess and Lorenz ’001) Consider the Cauchy problem for the
Navier-Stokes equations (2.1) and (2.2), where f € Cy2.(R?) and V - f = 0. Then
there is a constant ¢y > 0, and for every j = 0,1,2--- there is a constant K such
that for an interval

Co

/1%

O0<t<

we have
12| D7u(t) oo < Kl floo-
The constants ¢y and K; are independent of ¢ and f.

Using the estimates in lemma 3.17 and the heat equation estimates (3.10), (3.14)
and (3.15), we will prove the following:

Lemma 3.20. Set
V(t) = [u(t)]eo + 2 Dut)|0e, 0<t<Ty. (3.55)
There is a constant C' > 0 , independent of ¢t and f, so that

V(t) < C|f|oo + Ct/? max Vi), 0<t<Ty. (3.56)
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Proof. Using lemma 3.17 with § = ¢t'/2, we have
|pl0c|oo + |uju|oo S O(|u|<2>o + t1/2|u|OO|Du|OO7
|Quoc| < (2 ul, + 12| Dul%,

|Qqiploo < Ol

Since u; = Au+Qroc+ Qg and since @y, is obtained by applying one space derivative
to the term pj,. and uju, we obtain from (3.10),(3.14),(3.15) and above estimates

Vo < 7o+ € s (542fu(5) . + sl e [Da(s) ) + €12 o, (5)
< |floo + Ct'? max (Ju(s)[5 + s/Duls)l)
< | floe + Ct1? max V(s).
For v(t) = Dyu(t), we have
vy = Av 4+ DiQ)
with
[Qloe < C(E2[ull, + 22 |meDul,).
Therefore, by (3.11) for 7 = 1 and by (3.15),
o0 < CE fl + € ax (721Q05) |}
< Ot floo + € max {s"2(s™[u(s) [, + "% Du(s)[%)}
< OF ) floe + O puax{u(s) + slDu(s))
which gives
t20(t) oo < C|foo + Ct/? max V23(s).
The lemma is proved. O]

Lemma 3.20 allows us to estimate |u(t)|o and |Du(t)|s in terms of | f|s in a small

time interval.

Lemma 3.21. Let C' > 0 denote the constant in (3.57) and set

1
0= 1601
Then Ty > co/| f|, and
u(t)|oo + L2 Du(t) | < 20|flo for 0<t< 2. (3.57)

1%
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Proof. Recall the definition of V(¢) from (3.56). If (3.58) does not hold, then denote

by to the smallest time with V (¢y) = 2C| f|«. Using (3.54) we have

< O|f|w + CtY2a02 F 12

thus

1 <4C%Y% | f) oo,

thus to > co/|f|%. This contradiction proves (3.55) and Ty > co/| f|2.

PROOF OF THEOREM 3.19

Lemma 3.21 proves theorem 3.19 for j = 0 and 1. In this part, we use the induction

argument as in the proof of theorem 3.5 to prove theorem 3.19. Let us suppose 7 > 1

and assume that for 0 < k <j—1

t*2|DPu(t)|oe < K| floe for 0<t < —

Applying D’ to u; = Au + Q(s), and letting v := D’u, we obtain
v =0v+DIQ
and the solution

v(t) = Die®f + / t 29 DIQ(s)ds.
0
We must now estimate
[0(8)]oo = D u(t)oc-
Note that

t
0(1) e = ‘Djemf + [ e Dy
0

[e.9]

t
< | DIt flo + /eA(t_S)DjQ(s)ds
0

[e.9]
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Use of (3.11) gives us
|T1|oo < |Djemf|oo < Cjtij/z‘floo

where C} is a constant independent of ¢ and f. Next, we consider T:
t .
T = / eI DIQ(s)ds
0

t/2 ) t ,
= / 2 DIQ(s)ds +/ AU DIQ(s)ds
0 t/2
= Ji + Jo.

First, we consider J;. Applying integration by parts j times, on the interval [0,%/2],

the integral exists and we compute
t/2 '
| J1]oo = ’ / 29 DIQ(s)ds
0

2
= ‘ / DP9 Q(s)ds
0

o0

[e.9]

2
< [ D) s
0
t/2 .
< c/ (t = 8)921Q(s)]mds.
0
Recall from lemma 3.20 and with the induction assumption

1Q(8)]oo < C (s u(s)|% + sY/2Du(s)|%)
< C(s2IfI% + 257 fIS
< Cs 2| f|%.

Then using f(f/Q(t — 8)7I/2571/2ds = Ct179)/2 we obtain
[Tifoo < CIF[3t47972.

While estimating J,, we can only transfer from D’(Q to the heat semigroup one
derivative. Moving more derivatives will cause the integral to be non-integrable.

Applying integration by parts yields

t
Jzz/ 2= DIQ(s)ds
t/2

t
= De2 =9 DI7rQ(s)ds
t/2
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Note that |D''Qle < C(|f]oe|Dtt]0e + t79/2|f|%) follows from (3.51) and (3.52) .

Therefore, J can be estimated as

¢
|Ja]oo = ‘ De=9) DI71Q(s)ds

t/2 o

t
§/ | Det=9) DIT1Q ()| sods
t)2

Using (3.11) for 7 = 1 and using the estimate for |D?~'Q|,, obtained above we get

t
ke <O [ (¢ = Al Du(s)e + 572120
t

/2
¢ t
< Clfle [ (=) DI s + IS [ (0= 525
t/2 /2
S Sl + SQ.

To estimate S; and S5 we need
//t (t —s)V25792ds = Ct'=)/2 for some constant  C > 0.
t/2
We consider S;:
= Ol [ (1= Du(o) s
t/2

t
:C’|f|oo/ (t—s)_l/Zs_jﬂsj/Q|Dju(s)|oods
£/2

t
< O|flo max {7 Du(s)|} [ (£ — )77 ds
0<s<t 12
< Ot g {57 D))

Next for Ss:

t

Solue < CIfL / (t— 5)" 257972
t/2
< O f2,t072,

Therefore, we have

‘J2|oo S Sl + S2
< O f oot/ ggaé{sj/QIDju(S)\oo} 4 C|f R,
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Thus 75 has the estimate

|75Lw EE‘JHLm +“J5Lm
< C|f|oot(1_j)/2 gaé{smlpju(sﬂoo} + C«|f|got(1—j)/2‘

We finally bound |v(t)|e :

P00 < 020 (097 lo 111t s, (92D 0(s) ) + 70

0<s<t

< O floo + Clft'? + C|f|oct"? max {s"2|Du(s)[oc}-

Now, as v = D’u, we maximize the resulting estimates t//2| D7u|, over all derivatives

DJ of order j and derive
t2 Dl < Cjl floo + Cil 2t + Cil floct 2 Imax {s2|D7u(s)]oo }-
Here, define
U(t) ==t Du o
We have the estimate

P(t) < Cjl floo + Cil fI12t"% + Cj| floot'? max (s).

0<s<t
Recall the assumption that

Co 1
0<t< —— =
SR T e

where C'is the constant from lemma 3.20 equation (3.57). Then
£ floe < Voo
and the term C|f|% is bounded by
CUE = (Clf ko) floct""?) < Clfloe Vo = C /ol floo-
so that
(1) < Cjlfloe + CV/eol floo + O oot max v(s)
< (G + CVeo) | floe + 1 flot'’? max 1(s)

< G| floo + Cj|f\oot1/2 max P(s).

<s<t
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Thus we have

Co

U(t) < Ol o + Ol flat” max () for <1< (3.59)

Ss<t If12

We note that the constant Cj is a maximum of all constants appearing in the above
and is independent of ¢t and f. Fix this constant so that (3.60) holds. Let

1
c; = min {CO, 4—02}
J

We first claim that

U(t) < 20| floe for 0<t< |fc|3'2 .

Suppose not. Then let 0 < ¢ty < ¢;/|f|% denote the smallest time with ¥ (tg) =
2C}|f|so- Then from (3.60)

205 floo = ¥(t0) < Cjl floo + Cjl flooty’* max ¢(s)

0<s<t

< Oyl floo + C5l floott 2G5 f 1o
= Oyl flo + 2652C2 2.

Therefore,
Cilfle < t52C31 1%
gives
1< 2G|ty

This forces

C.
ty > >
AfI3CF 1S5

a contradiction. So we must have

12 Diy| < 20| flee  for 0<t< ’]fré

Then the statement is true for j with K; = 2C;. Now, suppose that

Cj Co
<t <
1% 1%
Then we restart the argument at t = 7. AsT; <t <Tp,0<t =T, <Ty =T, <Tj .

T, =

=:Tj (3.60)
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From lemma 3.21, we have
u(t = Tj)loo < 2[f]o0-
and we obtain
T)”|Diuls < 40| f1o (3.61)

Finally, for any ¢ with (3.61), we have

/2
j /2 Co /2
b2 < T = (—) T,
J

Now from (3.62) we have
12D < TP DI

Co i/? /2 .
s(—) T 1D uloo
C,

J

N
S4Oj(;) [/l

J

Hence, we have a K; for which #/2|/D’u|., < Kj|f|s, and this completes the proof of

the theorem 3.19 which is a goal of this dissertation.

4 The KL Paper in Periodic Case by Eliminating

the Pressure

As we discussed in previous sections, the pressure term in the Navier-Stokes equations
plays a significant role in obtaining the main estimates in the KL paper. However, in
this section we introduce another approach of dealing with the pressure term in the
Navier-Stokes equations. Since we are considering the Navier-Stokes equations “in the
absence of the boundaries” , i.e on T" or on R", we will introduce the Helmholtz-Weyl
decomposition in the case of torus. The corresponding results for the whole space
can be proved similarly. We note here that the KL paper is in R3, however, we will
generalize their work for n > 3 in this part of our work by the ” functional analytic”
approach. Next, we are going to introduce the classical theory of the Helmholtz-Weyl
decomposition [17] in L?, for a domain without boundaries to give some insight for

readers.
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4.1 Helmholtz-Weyl Decomposition

Since solutions of the Navier-Stokes equations are required to be divergence free, it
is useful to define and characterize subspaces of the standard spaces that consist of

divergence-free functions. We use the following notations in this section:
L*:=[L*" and WH°:=[H"]".
We will show that any u € .2 can be written in a unique way as the sum
u=h+ Vg,

where the vector function h is divergence free (in a weak sense) and g belongs to H'.

In other words
L2=Hao G

where H is a space of divergence-free functions ( satisfying an appropriate boundary
condition) and G is the space of gradient of functions in H'. For n = 3 this theorem
is a variant of a well-known result due to Helmholtz (1858) that a C? vector field on

R3 that decays sufficiently fast at infinity can be written uniquely as
f =curlh + Vg.

Since V - curlh = 0 the decomposition of a sufficiently regular function into the curl
and the gradient is an example of the decomposition in which we are interested in

this section.

For the consideration of the Navier-Stokes equations in the absence of the bound-
ary, i.e on T" or R", we will prove the validity of the Helmholtz-Weyl decomposition
in the case of a torus. The corresponding results for the whole space can be proved
similarly. We will also introduce two concepts related to such a decomposition: the
Leray projector P onto divergence-free functions, defined by setting P(u) = h when
u = h + Vg, and the Stokes operator A = —PA.

4.2 The Helmholtz-Weyl Decomposition on Torus

In the case of torus, we will decompose only the homogeneous space L2 (rather than
all of %), since we will always include the zero-averaging condition when considering

the Navier-Stokes equations in this setting.
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In order to prove the decomposition L2 = H&G, we need to define the appropriate

ik-x

spaces H and G in this context. We begin with H(T™) . If u is given by u(x) = uge

then a straightforward computation shows that
divu(z) = i(k - Uy, )e™™.

So this function u is divergence-free if and only if wy, is orthogonal to k. This leads

to the following definition.
Definition 4.1. We define the space H = H(T™) as
{u cel?:u= Z e Uy =u_p and k-uy=0 forall ke 23}
keznr
and equip H with the L2-norm.

Since in this definition of the space H, we implicitly consider functions given as the
limit of smooth functions, we need to clarify in what sense these limits are “divergence

free”.

Definition 4.2. Let  C R" a simply connected domain. A function u € L'(Q) is

weakly divergence free if
(u, Vo) =0 forevery ¢ e CX(Q).
Lemma 4.3. Each u € H(T") is weakly divergence free and moreover
(u, V) =0 forall ¢ HY(T").

Proof. If w € H is given by

and (7)) = e”** then

/ u(x) - Vog(z)de = / e . Ve Fdy = —z'/ up - k=0,

since @y, - k = 0 for all k € Zn. The result follows since any ¢ € H'(T") can be
approximated arbitrarily closely in H! by real-valued finite linear combinations of
the functions ¢y by the norm in H' = WH2(T"). O
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Definition 4.4. The space G on the torus T, n > 3 is defined as
G(T")={uel?:u=Vg, where geH(T")}.

We assume here that g belongs to H' (rather than to H') in order to obtain the

uniqueness of ¢ in the resulting Helmholtz-Weyl decomposition.
Corollary 4.5. The space H and G are orthogonal in L?(T") i.e
(h,Vg) =0

for every h € H and Vg € G.

We can now state the first result of this chapter, which is the existence of the
Helmholtz-Weyl decomposition on the torus. In this simple case we are able to prove

the existence of such a decomposition with very explicit calculation.

Theorem 4.6. ( Helmholtz-Weyl decomposition on T" ) The space L2(T™) can be

written as
L?=HoG,
i.e every function u € L2 can be written in a unique way as
u=h+Vyg (4.1)

where the vector-valued function h belongs to H and the scalar function g belongs to
H'. Moreover, if in addition « belongs to H*, s > 0, then h € H* and g € H*.

Proof. Take u € L2 and write it in the form

Write the vector coefficients wy as the linear combination of & and a vector wy per-

pendicular to k in C",
ﬂk = Oék/{? + wyg
Here oy, = 1y - k/|k|? € C,w;, € C", and wy, - k = 0 . Notice that

[l = low ||| + il (4.2)
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We therefore have

where
g(x) = Z (—iag)e®™ and  h(z) = Z wietT,
kezn kezn

Since wy, - k = 0 for every k, we conclude that h is (weakly) divergence free. Thus to
show that we have obtained the required decomposition as in (4.1), we only need to
show that g € H' and h € LL2. To this end, we notice that

lollzn = D lewPIklP,  and  |[R|PP = ) Jwil.

kezn kezn
Taking into account (4.2), we get
A1+ [IVgl[* = [[ul”.

From this equality (and also directly from Corollary 4.5), it follows that g belongs
to H', and h belongs to H. Multiplying (4.2) by |k|?* it follows that if u € H® then
g € H*"' and h € H*. Finally, the uniqueness of this representation follows easily,

since using Corollary 4.5, we have

(hl—hg)—i—(Vgl—Vgg):O > th—hg—i-vgl—v_ngQZO
= ||h1 — ho||* +||Vg1 — Vgol|* = 0,

so hi = hy and Vg = Vgy. Since both ¢g; and g, have mean zero, it follows that
g1 = go- We notice that the decomposition of L?(T") is now straightforward, since

we obviously have

L*(T") = R" @ H(T") & G(T")

Theorem 4.7. The space L?(R") can be decomposed as

L*(R") = H(R") & G(R"),
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where
HR") :={u:u € L*R"), divu=0}
GR") :={weL*R") :w=Vg and ge HY(R"}.
Proof. See theorem 2.7 of [17]. O

The Helmholtz-Weyl decomposition allows us to define the Leray projector, the

orthogonal projector onto the space of divergence-free functions.

Definition 4.8. On the torus and on the whole space the Leray projector P is given
by

Pu=v «— u=v+Vw

where v € H and Vw € GG. On the whole space we have

P:L*R") — H(R™),
while on the torus we prefer to have a restricted domain of P:
P:L%T") — H(T"),

because on T" we will always consider solution of the Navier-Stokes equations with

Zero mearl.

The Leray projector can be computed in a very straightforward way when we
consider functions in the absence of boundaries. For example, if u belongs ILZ(']T”)
and is given by u(z) = >, ;. Ure™ then the Leray projection of u is given by the

formula

Pu(z) = ) (ak - %k) et (4.3)

kezn

In general, the Leray projector is defined by
P = Pij)i<ijen,  Pij =0 + RiR (4.4)

where R; = (—A)~Y/2D; is the ith Riesz transformation and d;; is the Kronecer delta
function. On the torus ( and on the whole space ), the Leray projector commutes with
any derivatives. This follows from the linearity of P and the fact that differentiation
ik-x

of a function u given by u(z) = ure™* reduces to multiplication by a constant.
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Lemma 4.9. The Leray projector P on the torus and on the whole space commutes

with any derivative:
]P)(DJU) :DJ<PU), ]: 1,2,7’1, l)J :8/6%
for all u € H.

Proof. We consider the case of a torus: Let u be given by %,e?**. For any such u we

have
PD,(u) = P(ikju) = ik;Pu.

By the linearity of P the result holds for any finite combination of such functions.
The general case now follows since P : H* — H* s = 0,1, and D, : H' — L2 are all

continuous. ]

4.3 Estimates of the Navier-Stokes Equations

In this section, we will prove the main theorem of the KL paper in periodic case using
different approach than the proof provided in previous section for the same theorem.
Introduction of the new tool like the use of “the Leray projector” eliminates the role of
the pressure in obtaining the required estimates whereas in the KL paper they spend
good amount of time in obtaining the estimates on the pressure and its derivatives.

Let us recall the Navier-Stokes equations one more time
w+u-Vu+Vp=~Au, V-u=0 (4.5)
and

u(z,0) = f(z) (4.6)

where f € C75.(R"). Roughly speaking, we could have relaxed the smoothness on
f because the solution of the Navier-Stokes equations immediately becomes smooth
when ¢t > 0 even for very rough initial data. Therefore it is natural to consider

f € C2 (R™) in this setting. We also consider V - f = 0 for the sake of compatibility.

per

We transform the Navier-Stokes equations into the abstract differential equation

for u

ur = Au—Plu-V)u (4.7)
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by eliminating the pressure, where P is defined by (4.3) is the Leray projector on a
torus. Note that (4.7) is obtained by applying the Leray projector with the properties
P(Vp) = 0,P(Au) = Au since V - u = 0.

At

Use the solution operator e~" of the heat equation to transform the abstract differ-

ential equation into an integral equation
t
u(t) = e2f — / AP (g - V) (s)ds. (4.8)
0

This integral equation has a unique solution which is called a mild solution of the
Navier-Stokes equations. In [8], it is proved that such mild solution is indeed a
strong (local in time) solution of the Navier-Stokes equations. Next, we introduce an
analogous system of the Navier-Stokes equations (4.7) and use it to prove the main

theorem of our work.

Since P(u - Vu) = . DjP(uju), for 1 <4,j < n, it is appropriate to consider the
system
uy = Au+ DilPg(u), t>0 (4.9)
with
u(z,0) = f(z) where fe€Cp . (R") (4.10)
and ¢g : R” — R" is quadratic in u. It is well-known that the solution of (4.9) and

(4.10) is C2, in a maximal interval 0 <t < Ty where 0 < T} < o0.

per
Let us consider u is the solution of the system u; = Au + D;P(g(u(x,t))) and recall

g is quadratic in u thus, there is a constant C, such that we have the following:
lg(u)| < Cylul®,  |gu(u)] < Cylul, forall wueR™ (4.11)

In the following lemmas and theorem, we will allow the constant change C, C; change
line to line as per the need for convenience in writing and they are independent of ¢

and the initial function f.

Theorem 4.10. Under the assumptions on f and g mentioned above, the solution
of (4.9) and (4.10) satisfies the following:

(a) There is a constant ¢y > 0 with

C
Ty > |f!02 (4.12)
and
[u(®)|oe < 2|flec for 0<t< |Jf|°2
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(b) For every j =1,2--- there is a constant K; > 0 with
Co

1%

12Dyl < Kj|floe  for 0<t< (4.13)

The constants ¢y and K; are independent of ¢ and f.

Before proving theorem 4.10, we prove the following auxiliary results. We will also
let F(x,t) = g(u(z,t)) for the corollary that follows lemma 4.11.

Lemma 4.11. Let for any F' € Cp, (R") and for any multiindex « such that |a| = j
where j > 1 then

IDIeAPF |, < Ot 92| F|  for t>0
for some constant C; > 0 independent of ¢ and F'.

Proof. Let us first denote e2'F = 6 x ' where 6(x,t) is the n dimensional periodic
heat kernel given by (3.8). For & € Z", recall the Fourier cofficient of 6(z,t) given
by F(0(z,t))(&) = @,\t)(f) — e P ¢ > 0. Now for any t > 0, any choice of
k,1 € {1,2,---,n} and for any multiindex « such that |a| = j, the operator D7e®!Py,
on the Fourier side is given by
F(D'e®PuFr)(€) = (=€) F (e PukF)(€)
= C(=i) F(0(x, 1)) () F (P 1) ()

_ O(—ig)e P ((m _ fg—fg)ﬂm(a

= C(—i€)"e " 5 F(F)(€)
_C(—if)afkfz]:(ﬂ)(f)/t e TP qr.

Using the Fourier expansion, we can write

DY (X' PuF) () = Ogzjn(—z‘f)aéme‘t'ﬁ'#(m(5)61“
R MERONOEGIORS | e
= <—§i>j05ij ;Zj e IEF(F) e
Loy [T Y g FE) e ir

t cezn

= (—1)j0(5lej€AtE + (—1)j0/ DjDleeATEdT
t

=I5 + L.
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From (3.11) we have |[1]|s < Ojtij/zlﬁﬂooa and

|15]00 < Cj|Fl|oo/ r+2/2qr
t

< Cit ™% Fl| .
Therefore
| D7 e P Filoo < | T1|oo + | T2|
< Cit 7P| B
Hence Lemma 4.11 is proved. L]

Corollary 4.12. Let F' € C° (R™ x [0,T7]) for some T > 0 then the solution of

per

u=ANu+ D,PF, uwu=0 at ¢t=0 (4.14)
satisfies
1/2
|u(t)|oo < Ct Iax | F(5)]o0- (4.15)

Proof. The solution of (4.14) is given by
u(t) = /t A DIPF(s)ds
0
and
[u(t)]oo < /t |29 D,PF(5)| oo ds.
0

Using lemma 4.11 for 7 = 1 and with the fact that D; commutes with the heat

semi-group, we obtain

0<s<t

t
|u(t)]0o < max |F(s)|oo/ (t —s)"Y2ds.
0
Hence we obtain

u(t)|so < Ct/? max |F(s)]oo.

0<s<t

]

Lemma 4.13. Denote u by the solution of (4.9) and (4.10). And let Cy and C
denote the constants in (4.11) and (4.15) respectively; set ¢y =
Ty > co/|f[5 and

L Th
— . en we have
16C2C2

()| < 2|flc  for 0<t< |;|02 .

(4.16)
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Proof. Suppose (4.16) does not hold, then we can find the smallest time ¢, such that
[u(tg)|oo = 2|f]oe- Since ty is the smallest time, so we have ty < co/|f|%. Now by
(3.10) and (4.15), we have

2/ floo = lu(to)loc
< |floo + Cty* masx |g(s)oc
< oo + CCsty'* masx Ju(s)[5,
< |floe + CCyt 41 f |2
This gives
1 < 4CCyty”|fo,

therefore to > 1/(16C*C?|f|%,) which is a contradiction. Therefore (4.16) must hold.

The estimate Ty > ¢o/| f]2, is valid since lim sup, 7, [u(t)|so = 00 if Ty is finite. [
PROOF OF THEOREM 4.10

Lemma 4.13 provides the proof of part (a) of the theorem 4.10. Next we prove
the estimate (4.13) of part (b) of the theorem 4.10 using induction on j. Let j > 1

and assume

t*2DPu(t)|so < Ki|floo, for 0<t< ﬁ and 0<k<j—1. (4.17)

One more time, let us denote D* = D' --- D% by D7 if |a| = j for any multiindex
a. Let us apply D’ to the equation u; = Au + D;Pg(u) where g is quadratic in u to

obtain
vy = Av + DMP(g(u)), v = Dlu,
v(t) = Die” f + /t 2= DIFIP(g(u(s)))ds.
0
Using (3.11) we get

tmwmwsmﬂwwm/zﬂHmﬂwwmmms. (4.18)

0 [e's)

We split the integral into

t/2 t
/ +/ — L+ Ly,
0 t)2
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and obtain

2
L(1)] = / DI Ao u(s)))ds

v
< / | DI A9 g (u(s)))ds| e ds.
0

Using the inequality in lemma 4.11 along with the equality (4.11), we get

t/2
11 (#)]oo < C/O (t = 5)"V D] g(u(s))|oods
< C|f\got(1_j)/2.

The integrand in [ has singularity at s = ¢. Therefore, we can move only one
derivative from D?T'Pg(u) to the heat semigroup.( If we move two or more derivatives

then the singularity becomes non-integrable.) Thus we have

t
Det=9) DIP(g(u(s)))ds
12

Since the Leray projector commutes with any derivatives in a domain without bound-

1 L2(t)]o0 =

o0

ary, therefore

t DePt=P (DI g(u(s)))ds

[I2()]o0 =
t/2 i~
If we use lemma 4.11 for j = 1, we obtain
t
il < | (05D (u(5) . (4.19)
Since g(u) is quadratic in u, therefore
j—1
[D79(u)|oe < Cluloc| Dttlog + Y 1D*u)o| D Fut|oc.
k=1
By induction hypothesis (4.17) we have
j-1
D u(s)]oe| DT u(s)]oo < Cs™2|f[2 (4.20)
k=1

Integral (4.19) can be estimated as below:

t

bk [ <t—s>—1/2(c|u<s>|oo|@f |oo+2u>’f Yoo D <>|w)ds

t/2
< S+ .
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Using (4.20) and ftt/Z(t — 5)7Y2579/2 = Ct(1=9)/2 t0o obtain the following
[ Ja(t)]os < Cf 2t 72,

and
t

IL@RZCZJPWYWW®RW%®RM

¢
< C|f|oo/ (t — s)_l/Qs_j/Qsj/2|Dju(s)|oods
t/2

< (1-4)/2 i/2i
< Offloot max {s""D7u(s)]oo}-

We use these bounds to bound the integral in (4.18). We have v = D’u. Then
maximizing the resulting estimate for #//2|Diu(t)|s over all derivatives D7 of order j

and setting
o(t) := 12| D7u(t) |

we obtain the following estimate

1/2) £12 1/2 Co
610) < Ol + OIS+ Cl ot s o) for 01 o
Since t/2| f| < \/co then CtV/2|f|% < C'\/o|f|eo. Therefore
5O < Clfle+ Gt max o(s) for 0<t<eo/IfE (12D

Let us fix C; so that the above estimate holds and set

1
¢j = min {co, 4—02}
J

First, let us prove the following

G
12
Suppose there is a smallest time ¢, such that 0 < to < ¢;/|f]% with ¢(to) = 2C}] f|eo-
Then using (4.21) we obtain

o(t) < 2C|flee for 0<t<

20| floo = d(to) < Cj| floo + 2C2| f 1215,
thus

1 <205/ flty®  gives  to > ¢;/|fI%.
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which contradicts the assertion. Therefore, we proved the estimate
2 DIu(t)|oo < 20|flee for 0 <t <c/If[2 (4.22)
If

_ Y o
T T R
o o

then we start the corresponding estimate at ¢ — 7;. Using lemma (4.13), we have
|u(t — T;)|oo < 2|f|oo and obtain

T/ DI u(t) oo < AC)| foo- (4.24)

Finally, for any t satisfying (4.23),

J/2
i /2 Co /2
v < T = (‘) 7

j
Cj

and (4.24) yield

- N
ﬂ@wmmws%(—)|ﬂw
-

J

This completes the proof of Theorem 4.10.

Next, we prove a few lemmas needed for the proof of Theorem 4.16 below, the

analogue of Theorem 4.10 in the Navier-Stokes case.

Lemma 4.14. Let us denote u by the solution of the Navier-Stokes equations (4.5)
and (4.6) with f € Cg(R™) and set

V(t) = [u(t)|oo + '3[ Du(t)|, 0<t<T(f). (4.25)
There is a constant C' > 0 independent of ¢ and f so that
V(t) < O|f|os + Ct/? max V3t), 0<t<T(f) (4.26)

Proof. Using (3.10) in the integral equation of the solution of the Navier-Stokes equa-

tion (4.6) we obtain

t
Mmmsuu+y/v«Nwa®m@
0

oo
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The use of the inequality in lemma 4.11 for j = 1 yields

|wmm<uu+o/< ) u(s) 2 ds

‘ﬂw+0/ 2T P u(s) [Lods
S |f\oo+0max{sl/2|u }/ ~1/24-1/2¢
Since fo ~1/25-1/2ds = C which is independent of ¢, we have the following

estimate

uD)oe < oo+ C guas {7Jus) 2.}

[u(t)|so < | floo + Ct? max V3(s). (4.27)
Let 1 < k <n and for v(t) = Dyu(t), we have

v =A0Av—DP((u-V)u), v=Dyf at t=0.
Then
v(t) = Dye®' f — /t eI DyP((u - Vu(s))ds. (4.28)
0

Since Dj, commutes with the heat semigroup, therefore we can move Dj, to e®! and

obtain
o(t) = Dyeltf — / Die®0-9IP( (1 V)u(s))ds (4.29)
0

We can estimate the integral in (4.29) in the following way:

/0 DB ((u - Vyu(s))ds| < /0 | DA IB((u - T )u(s))|ods

t
< C’/ (t — )72 (u - V)u(s)|sods
0
t
<c / (£ — 8)" V26 12612y (5) | o [Duu(s) | odls
0

< C max {s"?|u(s)|so|Du(s \OO}/ 125712

0<s<t

< C max {|u(s)[5, + s[Du(s)|3}-

0<s<t

Therefore v(t) in (4.29) can be estimated as
[0()]e < CHV| floo + € max {Ju(s)[3, + s[Du(s) [}

Y2 Du(t)|so < O|f|oe + C1? max V23(t). (4.30)
Using (4.27) and (4.30), we have proved lemma 4.14. O
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Lemma 4.15. Let u be the same as in the previous lemma. Also let C' > 0 denote

the constant in estimate (4.30) and set

1
1604

Co

Then T(f) > co/|f|% and

Co
15
Proof. We prove this lemma by contradiction after recalling the definition of V' (¢) in

(4.25). Suppose that (4.31) does not hold, then denote by to the smallest time with
V(to) = 2C| f|- Use (4.26) and obtain

[u(t)]oo + t72|Du(t)|oe < 2C|flee  for 0<t <

(4.31)

2G|f|oo - V(tO)
< O|f|w + CtY2a02 112,

thus,
1 <40 f 12,
therefore to > cy/|f|2,. This contradiction proves (4.31) and T(f) > co/|f|2%.- O
Lemma 4.15 derives the bounds (4.13) of theorem 4.10 for the solution of the

Navier-Stokes equations for j = 0 and 7 = 1. By an induction argument as in the

proof of Theorem 4.10 one obtains the following.

Theorem 4.16. Consider the Cauchy problem for the Navier-Stokes equations (4.5)
and (4.6), where f € C>°.(R™) and V - f = 0. Then there is a constant ¢o > 0, and

per

for every j = 0,1,2--- there is a constant K such that for an interval
Co
O0<t<
/13
we have

2 D7u(t)]oo < Kl floo-

The constants ¢y and K; are independent of ¢ and f.
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5 Future Work

We consider the Navier-Stokes equations in the n-dimensional half space R, for

n>3;
\

u+u-Vu+ Vp=—-~Au for zeRY,t>0,
V-u=0 for zeRY,t>0,
(5.1)
Ulpmo = f for xeRY,
U]z, =0 =0 for t>0 )

where f € L*(R) and we assume V - f = 0 in the sense of distribution.

In [2], it is proved that (5.1) has strong (local in time) solution. Our goal will
be to obtain the apriori estimates in terms of the maximum norm for the solution of
(5.1). Eventually, we would be interested to prove the main theorem of the KL paper
in the half space setting.

If we transform (5.1) into the abstract differential equations
u + Au=—-P(V - (u® u)) (5.2)

where - Vu =V - (u®u) and A = —PA is the Stokes operator and PP is the Leray

projector. The Leray projector in halfspace has explicite form and is given by

Pg(z) = g(z) + V. | V,N(z,y) - g(y)dy,

RY

when g, |, = 0. This integral needs to be treated carefully as per the the assumptions

on g. Here,
N(w,y) = Gz —y) + Gz —y"),
where y* = (y1,- -+, Yn—1, —Un), G(z) = mm%”, if n >3 and G(z) = 5= In|z|

if n = 2, and w,, denotes the surface area of the unit sphere in R"”. Using the solution
operator of the Stokes equations in R”} , the solution of (5.2) is formally expressed in

the integral form
t
u(t) = e Af — / e AIPY - (u @ u)(s)ds. (5.3)
0

Solonnikov [20] has expressed the solution operator of the Stokes equations in R”} in

the integral form

eiAtf = K(x,y, t) ' f(y>dy7

L
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where K = (Kj;); j=1,2..n is defined by

Kij(x7ya t) = 52](9( —0(x —y", t))

+4 J"ax] / /Rn . G(xr — 2)0(z — y*, t)dz. (5.4)

where 6(z,t) is the n dimensional heat kernel given in section 3.

Our goal will be to prove the KL main theorem (namely theorem 4.10 on this
paper) when the initial data is in L>°(R’). More precisely, we try to obtain the
estimate of the derivatives of the velocity in terms of the maximum norm for some
maximum interval of time. To do that, it is necessary to have the pointwise estimate
of the kernel of the operator Die~4*Pdiv. Unfortunately, D’ and e 4P are not
commutative. This is the main difficulty in obtaining the desired result in half space

case.
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